Alternate hard and soft layers increase deformation accommodation as thin hard layers slide relative to each other due to shear deformation of low modulus layers. However, the processing of such multilayers is challenging. In the present paper the alternating soft and hard multilayered SiCN coating deposited by magnetron sputtering has been studied and presented. A hardness and modulus of 37 GPa and 317 GPa with elastic recovery of 62% are achieved by alternate hard and soft layer of Si-C-N by magnetron sputtering. The trilayer films sustained even 2000 gf under indentation without failure though substrate plastically deformed. The fracture toughness value IC was measured to be 9.5-10 MPa m 1/2 , significantly higher than many reported hard coatings.
Introduction
For engineering applications, hardness must be complimented with high toughness, which is a property of equal importance as hardness. Toughness is an important mechanical property related to materials resistance against the formation of cracks resulting from stress accumulation in the vicinity of the structural imperfections. In an energetic context, toughness is the ability of the material to absorb energy during deformation until fracture. Therefore, a high toughness coating has high resistance to the formation of cracks under stress and high energy absorbance to hinder crack propagation, whereby preventing chipping, flaking, or catastrophic failure. When the applied stress exceeds the critical value for a particular crack size, there is a growth in the microcracks present which results in brittle failure of the materials as per Griffith's theory [1] . Hard coatings are very important for different industrial application for protection against wear. However hardness must be complimented with good toughness for prolonged performances of these coatings. The nanocrystalline-amorphous composite coatings result in improvement in strength, due to restriction in the dislocation movement for crystallites of very small dimensions which gets pinned when it is surrounded by amorphous matrix.
The amorphous matrix present in the surrounding also helps in reducing problems associated with lattice misfit as the dislocation which might be in the crystalline cannot propagate in to the amorphous phase and vice versa. Secondly, if both the nanocrystalline phase and the amorphous phase are strong, then they have higher cohesive energies [2] [3] [4] . The usual mechanism of deformation and mechanical failure is absent or hindered as no dislocation multiplication source can operate and the energy of dislocation in such small crystallites being too high is repelled towards the grain boundaries and annihilates there during growth. However, the crack growth is hindered in nanocrystalline composites and the sizes of the cracks are limited to 2-4 nm. Therefore, nanocomposites coatings also provide high toughness and low friction apart from hardness at the same time [5] .
Si-C-N nanocomposites due to their exceptional combination of properties are very promising material for applications as wear and oxidation resistance, optoelectronic material in hostile environment. Si-C-N coatings are desired for many industrial applications such as turbine engines, blades, and wear resistant coatings for automotive industry to enhance the life as well as the performances of the components. They also find application in MEMS device fabrication in the form of field emission displays. Thin film depositions of Si-C-N have been carried out by plasma and ion-assisted deposition, chemical vapour deposition, magnetron sputtering, microwave, and electron cyclotron resonance plasma enhanced chemical vapour (ECRPECVD), ion implantation, pulsed laser deposition, and rapid thermal chemical vapour deposition (RTCVD). At substrate temperatures below 1000 ∘ C, amorphous Si-C-N films are reported to be deposited, while higher temperatures produced crystalline composite films of -and -Si 3 N 4 and -and -SiC. Many reports are available on single-layer hard coatings of SiCN nanocomposite coatings and hardness and modulus has been tailored by varying the plasma or process parameter during deposition and films with less hardness to high harness more than 40 GPa has been achieved.
The limitations associated with monolithic coatings such as lack of multifunctional character and high residual stresses and problems associated with adhesion to substrate have led to increasing use of multilayer coatings. Multilayer coatings not only offer the combination of attractive properties from different materials, but also have observably increased tribological performance over monolithic coatings. The multilayers have advantage that use of one interlayer or several interlayers enhances the adhesion of coatings by reducing the mismatch in mechanical, chemical, or thermal properties between coatings and substrate. Alternating layers can improve the fracture toughness either by introducing layer interfaces to stop cracks or providing a tough medium through which propagation of cracks is prohibited.
A review paper by Stueber et al. [6] presents recent developments in hard, wear resistant thin films based on multilayer coating concept. There are many factors that contribute to enhanced hardness in multilayers.
Multilayers with alternating soft and hard layers increase deformation accommodation as thin hard layers slide relative to each other by virtue of the shear deformation of low modulus layers. However the processing aspect of multilayers is much more demanding with respect to the process control and material selection, number of layers required ensuring sufficient interface quality, stability, and avoiding interfacial reactions between layers that can decrease interfacial strength.
Lot of research is being done on the multilayer coatings alternated with two materials forming the bilayer period [7] [8] [9] . The two dissimilar material layers however face the problem of interface stresses, thermal mismatch, and lattice mismatch of the two different materials. There is very little evidence in the literature on the deposition of multilayer coatings formed by depositing the hard and soft coating of the same material. Research has been done on the effect of pressure and nitrogen on the hardness of the Si-C-N coatings [10] [11] [12] [13] [14] [15] [16] [17] . The research on different aspect of single-layer hard SiCN coatings has also been reported by one of the authors Mishra et al. in the literature, where it showed very fine nanocrystalline dispersion of size 2-10 nm in SiCN amorphous matrix [18, 19] . The films were very hard ranging between 10 and 35 GPa dependent on the deposition parameters.
Deposition pressure and nitrogen to argon ratio can play a dominant role in making a hard film (hardness greater than 20 GPa) or a soft film (hardness lesser than 20 GPa). The deposition of alternate hard and soft layers of the same Si-C-N material will circumvent the problems of interface stresses, thermal mismatch, and lattice mismatch of the two different materials soft and hard layers.
In the present paper our research on the microstructural study on the interface of the alternate hard and soft layers of Si-C-N and mechanical and fracture behaviour of hard and tough SiCN multilayered structure deposited by magnetron sputtering is discussed.
Experimental
Single-layer and multilayer Si-C-N hard and soft coatings were deposited by reactive DC magnetron sputtering on silicon (Si-100) and stainless steel (SS-304) substrates, using single compact target of SiC in argon-nitrogen atmosphere of plasma. The deposition pressure and nitrogen to argon ratio are varied to generate the comparatively soft (hardness less than 20 GPa) and hard (hardness more than 30 GPA) coatings of the same material, that is, Si-C-N and then use them to generate multilayer coating alternated hard and soft coatings. All coatings were deposited at 365 ∘ C substrate temperatures and at 150 watt power. Each layer was deposited for 2-hour duration. The deposition parameters are given in Table 1 .
Microstructural studies were carried out using AFM (SEIKO 400 Japan) and TEM (FEI Tecnai G230ST, The Netherlands). Nanoindentation (XP, MTS/Agilent, USA) experiments were done at varying depths of the film with strain rate of 0.05 s −1 . Poisson's ratio was taken as 0.25 for calculations of all parameters. A harmonic displacement of 2 nm at a frequency of 45 Hz was initialized for the experiments. The depth for each indentation was fixed as 500 nm and the experiment was carried out in continuous stiffness mode. The average hardness and modulus for each indent were averaged between the depth of 50 nm to 500 nm and the values reported are the average of 8 indents. The TEM samples for interface study were prepared by cutting very thin sample from cross section, then lapped, and finally ion beam thinned for TEM transparency. The percentage elastic recovery of the films was calculated from load-depth curve obtained by nanoindentation and by measuring total area under maximum loading and the retained plastic area with formula given below Percentage Elastic Recovery = { (Total area under the curve − Plastic area) Total area } * 100.
(
The microhardness was measured by Leica Germany at 25 gf load. The effect of higher loads was studied by indenting at higher loads of 100 gf, 200 gf, 300 gf, 500 gf, 1000 gf, and 2000 gf on the film. For each film the value presented is average of 6 indents.
Results and Discussion
The thicknesses of the single-layer hard (A) coating deposited for 2 hrs was about 2.5 micrometer, whereas soft film (B) when deposited for 2 hrs was 1.7 micrometer. Later all the layered films soft or hard were deposited in the desired sequence for 2 hrs each. The sequences were AB, BA, and ABA.
SEM images of the Si-C-N films deposited at different pressures (films A and B) are given in Figure 1 . It was observed that the films deposited at the pressure of 10 Pa had larger particle sizes (100-200 nm) but in the film deposited at 1 Pa no particles could be resolved by SEM so they were very fine. The microstructure for the film deposited at 1 Pa showed densely packed which may be responsible for its high hardness value (around 32 GPa) whereas the microstructure for films deposited at 10 Pa showed the presence of globular structures with variable dimensions which may be the reason for their comparatively low hardness values (around 9.6 GPa). The introduction of nitrogen in larger ratio (nitrogen argon ratio around 99 : 1) and increase in deposition pressure (around 10 Pa) for film B is responsible for the significant particle growth, due to lower deposition rates giving enough time to the atoms in terms of mobility and diffusion. The double-layer Film C (AB) the top layer is soft film B had larger size particles (1 m) as seen in SEM image for bilayer.
SFM studies of different single and multilayer sequence were also carried out. The hard film was having very fine particle size in the film in the range of less than 50 nm, whereas the soft film B showed 100-120 nm particle size Figure 2(b) . The film C (AB, hard-soft) showed its particle size around 50 nm. The double-layer film D soft hard (BA) showed 50-70 nm growth on surface. The trilayer film ABA had larger growth on top it was found to be around 300 nm. The films were dense as is revealed by AFM. Figures 2(a) and 2(b) presents the AFM images of double-layer film C (AB) and trilayer film E (ABE).
Interface Study of the Trilayer (ABA) SiCN Film
The interface cross sectional studies of trilayer film C which was consisting of hard-soft-hard three layers on silicon substrate was studied by Transmission electron microscope. Figure 3(a) shows the interface of Si substrate and the first hard layer. It was observed that they had sharp interface and the individual first hard layer A in the trilayer film was amorphous as confirmed by the SAED of film (inset of Figure 3(a) ). The EDX of the film showed mainly the presence of Si, N, and C. Though the interface between the hard and soft layers was sharp, a very thin 5 nm reacted zone was observed at the interface between SiCN layer A and the substrate as can be seen in Figure 3(b) . The interface of the layer A, hard film, and the layer B, soft film, is shown in Figure 4 (a). Here the interface was sharp and no delamination was observed. A nanocolumnar type growth morphology was observed in the soft film with larger particle sizes compared to hard film A. This was complimentary with the surface microstructure revealed by AFM and SEM. EDS composition analysis of the soft film also showed the presence of SiCN mainly; however, the nitrogen was found to be more in case of soft film. It was so expected since the deposition was done at higher nitrogen fraction in the plasma compared to the hard film where nitrogen was much less. Nitrogen incorporation in the film reduces the hardness and has been reported in other systems of film such as TiBN, CN due to the formation of different soft phases consisting of different ratios of C and N and Si. The SAED of layer B also essentially showed broad halo ring typical of an amorphous phase SAED (inset of Figure 4(a) ). The columnar growth is due to the presence of nitrogen species which leads to slower growth rate and enough mobility of ad atoms leading to more structured growth, whereas in hard layer A the deposition rate was much higher compared to layer B. Figure 4 (b) shows the interface of the middle B layer and the top hard layer. Here it is clear that the columnar grown is visible in B layer only and in A layer the particles are very fine. The interface was found to have sharp boundary, and no other phase was observed in cross section study. Figure 5 (b) shows the nanoprobe STEM-EDS composition line-scan profile across the interface along the line drawn in Figure 5(a) , which confirms the sharp boundaries at interface and having higher amount of nitrogen and lesser amount of Si in soft layer B compared to the hard layers A on its both sides, as was discussed above.
Mechanical properties such as hardness and modulus of the film were studied through nanoindentation using Berkovich indenter. The sample A showed an appreciable hardness 31 GPa with 266.6 GPa modulus. Whereas B was soft having 9 GPa and 115 GPa hardness and modulus. The reason behind high hardness in film A was the formation of Si 3 N 4 and C 3 N 4 which were found to be absent in the soft film B, as has been reported earlier by one of the present authors [20] . These phases, due to their strong covalent bonds and very fine crystallites in amorphous matrix, impart high hardness to the material. Then, double-layer films were deposited (Film C (AB) and Film D (BA)). These coatings showed increase in hardness as well as increase in Young's modulus and were found to be (hardness: 25.9 and 36.4 GPa) (modulus: 266, 339 GPa), respectively. The hardness of film C was lesser than the individual hard film A due to the presence of soft layer and it gives a composite hardness. In the case of film D however the film hardness and modulus were more than the individual hard film. It is due to the reason that upper most layer is of hard film and underlayer soft layer gives a support and resilience, which in case of single layer was substrate. The thickness of the effective composite film increased; hence, the effect of substrate decreased. Hence higher value trilayer coating Film E (ABA) showed a similar range of hardness and modulus as that of D but with higher percentage elastic recovery. The underlayer as soft layer seems to increase the hardness and modulus. The values for hardness, modulus, and percentage elastic recovery for different layers are given in Table 2 . It was observed that film E with trilayer (ABA) had higher hardness of 36.4 GPa with modulus 317 GPa along with 62% elastic recovery. This also reveals that trilayer film with ABA combination was tougher.
For fracture behaviour of the different layers microhardness studies were performed on these films. Table 3 shows the hardness obtained for different layers on SS and Si substrates. However, in some cases hardness could not be measured due to the presence of cracks at those loads; hence, values are not presented. The values of hardness are different and higher than those from nanoindentation, as in nanoindentation the hardness measured is dynamic and at maximum depth without elastic recovery, whereas in microhardness the hardness values are measured after elastic recoveries have taken place after unloading. Hence, in both the cases hardness values depend on the elastic-plastic behaviour of the composite coatings. The decrease of hardness with load is obvious since with increase of load depth of indentation increases, substrate starts influencing, and composite harness is measured. It is clear from Table 3 that hardness could be measured up to 1000 gf for only trilayer film E. From fracture behaviour of the films, it was observed that trilayer film had better resistance to loading than individual hard coatings. A soft layer in between played a significant role in building resistant behaviour against indentation. In the fracture in case of film deposited on steel it was observed that the film did not fail even up to 2000 gf but the substrate got plastically deformed resulting in pileups as can be seen in figure lines along the side of the indents but still the film did not show the cracking or spalling (Figure 6(a) ). However such failures took at 1000 gf for the film A (Figure 6(b) ), spalling is clearly seen. The double-layer film C having hard and soft layer also showed failure at 1000 gf, but film D having double layer as soft and hard was able to sustain 1000 gf (Figure 6(c) ) though here pileups were more than sample E, so the effect of thickness of the film also plays a role; however, for film E the structure shown is for 2000 gf. It clearly demonstrates that three-layer films were tougher. Hence a soft layer film is helping in increasing the load bearing capacity of the film. In multilayer structure the microcracks tend to branch and deflect at the interface between two alternating layers of different materials. The resulting deflection and branching can lead to reduced stress intensities at the crack tips. This means that at every layer interface the cracking process must start all over again, which takes energy and leads to a tougher coating. At the same time the columnar growth of the soft layer SiCN film beneath or in between hard layers is also added to increase the toughness of the multilayered film due to the stress distribution and deflection. The thickness of the bilayer and trilayer films are also more that will also play role in load bearing capacity of the film. A thicker film will fail at higher loads; however, as it is clear from the microstructure that film has not failed but the substrate pileups were observed, the film remained intact at higher loads also for trilayer film.
The fracture toughness of the trilayer film E (ABA) was measured from film deposited on Si as crack length could be measured. Figure 7 shows the crack developed at 1000 gf load. The toughness of the brittle materials can be calculated by Antis equation [21] :
where is an empirical constant which depends on the geometry of the indenter and the value is 0.032 for cube corner indenter and 0.016 for Berkovich and Vicker's indenter.
Journal of Nanomaterials is the elastic modulus and is the hardness that was taken from the obtained measured value from nanoindentation as 317.3 and 36.4 GPa, respectively. The average crack length was measured from microindentation and was 13.625 m. The fracture toughness was calculated at different indents and the average toughness was found to be of the order of 9.5-10 MPa m 1/2 , which is significant higher for a ceramic nanocomposite and single-layer film compared to the reported values. The value of the single hard SiCN layer was also calculated and was found around 3.5-4 MPa m 1/2 .
Conclusion
A detailed microstructure of surface as well the interface has been studied for alternate hard and soft nanocomposite SiCN film deposited by single SiC target using RF magnetron sputtering. The average particle size was found to be around 10-30 nm by AFM and SEM studies for hard film, whereas for soft film it was found to be in the order of 100-150 nm.
The layered film showed a mixture of fine grains 80-100 nm. Trilayer film showed particle size around 300 nm. Though the interface was sharp between substrate Si and first hard layer a very thin 5 nm reacted zone was observed at the interface. Columnar type growth and larger particle sizes compared to hard film were observed in soft film. The elemental composition profile across interface and layers confirms the sharp boundaries at interface between the layers and presence of higher amount of nitrogen and lesser amount of Si in soft layer B compared to both side hard layers A. The hardness and modulus for individual soft and hard films were (10 GPa and 115 GPa) and (32 GPa and 266 GPa), respectively. The double-layered films hard on soft and soft on hard showed a composite hardness of (26 GPa and 266 GPa) and (36 GPa and 317 GPa), respectively. The trilayer film E (ABA) had 37 GPa and 317 GPa hardness and modulus and appreciable elastic recovery of 62%. The fracture behaviour on steel showed that up to 2000 gf force trilayer film E film did not fail but substrate gets deformed resulting in pileups. The crack could be found at 1000 gf for film on Si and fracture toughness value IC was measured to be 9.5-10 MPa m 1/2 . The trilayer film E (ABA) showed higher tolerance of the load under the microindentation compared to single-layer or double-layer film. A soft underlayer film below hard layers normally gave a better film in terms of mechanical properties.
